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Abstract: Dioleyl- and dioctylphosphoric acids were synthesized to investigate the extraction equilibrium 
of heavy rare earth metal ions, Er
3+
, Y
3+
 and Ho
3+ from acidic chloride media into toluene phase. The 
aggregation behavior in toluene was also examined. Extraction equilibrium constants for three rare earth 
metal ions with them and separation factor between these metal ions were calculated and compared with 
those of commercial extractants. The results showed their high extractability and separation efficiency. 
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1. Introduction 
Solvent extraction of rare earths has been extensively 
investigated since the late of 1950s [1]. Acidic 
organophosphorus compounds are the most suitable for 
the mutual separation of rare earths [2]. In the previous 
papers, dioleyl phosphoric acid (abbreviated as DOLPA) 
was prepared as a novel type of organophosphoric 
compound to investigate its catalytic effect on the 
extraction of divalent copper ions [3] and its use as an 
anionic surfactant for liquid surfactant membrane in the 
extraction of divalent copper ion[4] and protein [5]. 
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In the present paper, we investigate the distribution 
equilibrium of rare earth metals with DOLPA as well as its 
aggregation behavior in toluene and compared with the 
extraction behavior of dioctylphosphoric acid (DOPA). 
The target elements in the solvent extraction are heavier 
rare earth metal ions, i.e., holmium (III), yttrium (III) and 
erbium (III) ions, because the separation of Ho
3+
, Y
3+
 and 
Er
3+
 is one of the most difficult among pairs of adjacent 
elements of rare earths. 
 
2. Experimental 
2.1 Reagents 
The extractants, DOLPA and DOPA were 
synthesized by the same methods as the previous paper [3]. 
The structures of the extractants are shown in Fig.1. 
Another reagents and solvents were purchased and used 
without further purification. 
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2.2 Aggregation of the extractants 
The apparent molecular weights of DOLPA and 
DOPA in toluene were measured by means of vapor-
phase osmometry (Corona model 117 osmometer) to 
evaluate the dimerization constant, KD, of the extractants. 
 
2.3 Distribution equilibrium 
The organic solution was prepared by dissolving 
each extractant into analytical grade of toluene. The 
aqueous solution was prepared by dissolving each rare 
earth chloride into the following three kinds of stock 
solutions; 2 M (= mol dm
-3
) HCl, 0.1 M HCl - 1.9 M KCl, 
0.01 M HCl - 1.99 M KCl. The initial pH of the aqueous 
phase was adjusted by arbitrarily mixing them. The values 
of the actual pH were calculated from hydrogen ion 
concentration determined by neutralization titration and the 
literature values of activity coefficient of hydrogen ion [6]. 
The equilibrium pH was assumed to be the same with the 
initial pH, because the pH was low enough to ignore the 
change before and after the extraction. 5 cm
3
 of organic 
phase were shaken with equal volumes of aqueous 
solutions containing rare earth metal ions (µ =2, HCl / 
KCl; 30°C) for at least 2 h, which was long enough to 
reach equilibrium. After phase separation, the initial and 
equilibrium concentrations of metal ions in the aqueous 
phase were measured by ICP-AES (SEIKO model SPS 
1200VR). 
 
3. Results and Discussion 
3.1 Aggregation of the extractants 
Acidic organophosphorus compounds dimerize in 
nonpolar aromatic diluents [7,8]. The dimerization 
constant of the extractant in diluent is expressed as follows: 
KD = C(HL)2 / CHL
2
 = (Ct - C') / (2C' - Ct)
2  
where Ct is total concentration of the extractant, C' is 
summation of concentrations of monomeric and dimeric 
species, which is experimentally measurable, and CHL and 
C(HL)2 are the concentrations of monomeric and dimeric 
species, respectively. The relation between the 
concentrations of monomeric and dimeric species of 
DOLPA and DOPA is shown in Fig. 2. From the slopes of 
the straight lines in Fig. 2, the dimerization constants, KD, 
were evaluated for the present extractants as follows: 
KD  = 1.65 m
3
 mol-1 for DOPA 
KD = 1.84 m
3
 mol-1 for DOLPA 
Thus, it was found that the dimeric species are dominant 
and both extractants exist as dimeric ones in toluene. 
 
3.2 Distribution equilibrium 
The effects of equilibrium pH on the distribution 
ratio for Er
3+
, Y
3+
 and Ho
3+
 in the extraction with DOLPA 
and DOPA are shown in Figs. 3 and 4, respectively. In 
both figures, the plots are lying on the straight lines with 
R
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Fig.1 Chemical structures of the extractants.
Fig.2 Relation between the concentrations
of monomeric and dimeric species of the
extractants. Close : DOLPA, open : DOPA.
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the slope of 3. The selectivity for metal ions are in the 
order, Er
3+
 > Y
3+
 > Ho
3+
. The result is consistent with 
those observed in other organophosphorus acids [9-11]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
From the results, the extraction reaction is expressed 
by the following equation, very familiar in the solvent 
extraction of rare earths by acidic organophosphate. 
The effects of the extractant concentration on the 
distribution ratio are shown in Figs. 5 and 6 for DOLPA 
and DOPA, respectively. In both figures, the plots are also 
lying on the straight lines with the slope of 3, which 
corresponds with the charge of rare earths. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ln
3+
 + 3(HR)2 ⇄  LnR3･3HR + 3H
+
; Kex  (2) 
From the stoichiometric relation described by Eq.(2), the 
distribution ratio is expressed as follows: 
 logD = logKex + 3pH + 3log[(HR)2]   (3) 
The value of the extraction equilibrium constant, Kex, 
for each metal ion, which is estimated from the data shown 
in Figs. 2 - 5 from Eq.(3), and the separation factors, β, is 
listed in Table 1, together with the literature values for the 
commercial extractants, D2EHPA and PC-88A with 2-
ethylhexyl alkyl radicals [12] for comparison. 
Fig.3 Effect of pH on distribution
ratio of rare earths with DOLPA.
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Fig.6 Effect of extractant concentration on
distribution ratio of rare earths with DOPA.
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Fig.4 Effect of pH on distribution ratio of
rare earths with DOPA.
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Fig.5 Effect of extractant concentration on
distribution ratio of rare earths with DOLPA.
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Table 1. Extraction equilibrium constants and separation 
factors for the extractant. 
      Kex   β 
Extractant   Er   Y   Ho   Er/Y  Y/Ho  Er/Ho 
DOLPA    92   60   39     1.5   1.5     2.3 
DOPA   59   52   26  1.1   1.5  2.3 
D2EHPA   47   35   24  1.3   1.5  2.0 
PC-88A   8.4  5.8   3.3  1.4   1.8  2.5 
 
From the comparison of the extraction equilibrium 
constants, Kex, listed in this table, the extractabilities of 
DOLPA are higher than those of DOPA, which are a little 
higher than that of D2EHPA. Since both alkyl chains are 
electron-releasing substituents, the pKa of the reagents 
increases and their extractability should also decrease. 
Solubility of metal complexes with the extractant, however, 
is enhanced due to long alkyl chains. The high 
extractability by DOLPA is attributable to the latter effect. 
Concerned with the selectivities of DOLPA for each 
rare earth, there appears to be only little differences 
compared with the commercial extractants. However, for 
DOPA, the separation factors between Y
3+
 and Ho
3+
 are 
greater than those for commercial extractants. 
 
4. Conclusion 
Two organophosphorus acid type of the extractant 
with oleyl and octyl groups were synthesized and 
investigated the extraction equilibrium of heavy rare earth 
metal ions, Er3+, Y3+ and Ho3+ from acidic chloride 
media into toluene phase. The aggregation behavior in 
toluene was also examined and both extractants were 
found to exist as dimeric species. Extraction equilibrium 
constants for three rare earth metal ions with them and 
separation factor between these metal ions were calculated 
and compared with those of commercial extractants. The 
results showed their high extractability and separation 
efficiency. 
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